Obstructive sleep apnea (OSA) is a frequent medical condition and is associated with cognitive impairments in adults and with hyperactivity and decreased school performance in children.
The clinical syndrome of OSA, a condition characterized by repeated episodes of upper airway obstruction during sleep, affects approximately 5% of the general population and approximately 2% of children (1, 2). Neurocognitive deficits, such as excessive daytime sleepiness, learning impairments, and an increased incidence of hyperactivity and aggressive behavior in children, particularly male children, comprise one of the primary morbidities associated with pediatric OSA (3) (4) (5) (6) (7) (8) (9) . The IH and sleep fragmentation that are associated with OSA have both been proposed to contribute to the cognitive deficits found in OSA patients, necessitating the development of an appropriate animal model to explore the effects of IH on cognitive function (10 -12) . Work from our laboratory has recently demonstrated that exposure to IH during sleep does not induce substantial sleep disturbances, and is associated with impaired spatial learning in the adult rat, as well as with increased apoptosis in the cortex and CA1 region of the hippocampus (13) .
It has become increasingly clear that the magnitude of neurobehavioral impairments in children with OSA is greater than that seen in adults for a comparable degree of sleep disordered breathing. In fact, while an apnea-hypopnea index of 20 events per hour of sleep is considered trivial in the adult patient, it represents a severe case of OSA in children. Furthermore, although rat pups Ͻ5 d of age are more resistant to the apoptotic events induced by IH in the hippocampus and cortex, there is a subsequent period of maximal vulnerability to IH which occurs between PN d 10 and 25, an age that corresponds to the peak incidence of OSA in children (14) . Such findings clearly indicate that, at least anatomically, there is a period of increased susceptibility to IH in the juvenile rat. However, the behavioral effects of IH in the juvenile rat are unknown. The present study was therefore conducted to determine whether exposure to IH would induce neurobehavioral deficits in the juvenile animal.
METHODS
The experimental protocols were approved by the Institutional Animal Care and Use Committee and are in close agreement with the National Institutes of Health guide for the care and use of laboratory animals. All efforts were made to minimize animal suffering, to reduce the number of animals used, and to use alternatives to in vivo techniques.
Animals. Six time-pregnant Sprague Dawley rats were obtained from a commercial breeder (Charles River Breeding Laboratories, Portage, MI, U.S.A.) and delivery times were recorded as PN d 0. Upon delivery, litters were culled to 12 pups and randomly assigned to one of the two experimental groups, i.e. RA or IH. Before weaning, the pups and their dams were housed together. Pups were group housed with littermates after weaning, which occurred at PN d 21. All animals were weighed and sexed at weaning. Animals were given unlimited access to laboratory chow and water, and were maintained on a 12-h light-dark cycle (0600 -1800 h).
IH. Beginning at PN d 10, the pups were housed with their dams in four identical commercially designed chambers (30 ϫ 20 ϫ 20 in.; Oxycycler model A44X0, Reming Bioinstruments, Redfield, NY, U.S.A.) and exposed to either IH (n ϭ 35) or RA (n ϭ 35) for 14 d before behavioral testing. Gas was circulated around each of the chambers, attached tubing, and other units at 60 L/min Ϫ1 (i.e. one complete change per 10 s). The oxygen concentration was continuously measured by an oxygen analyzer, and was changed by a computerized system controlling the gas valve outlets, such that the moment-tomoment desired oxygen concentration of the chamber was programmed and adjusted automatically. Deviations from the desired oxygen concentration were met by addition of N 2 or O 2 through solenoid valves. Ambient CO 2 in the chamber was periodically monitored and maintained at Ͻ0.01% by adjusting overall basal ventilation. Humidity was measured and maintained at 40 -50% by circulating the gas through a freezer and silica gel. Ambient temperature was maintained at 22-24°C. The IH profile consisted of alternating RA and 10% O 2 every 90 s, while the corresponding controls consisted of flushing RA into the chamber every 90 s.
Morris water maze. The Morris water maze consisted of a white circular pool, 1.8 m in diameter and 0.6 m in height, filled to a level of 35 cm with water maintained at a temperature of 29°C (15, 16) . Pool water was made opaque by the addition of 150 mL of nontoxic white tempera paint. A Plexiglas escape platform (20 cm in diameter) was positioned 1 cm below the pool surface. Distinctive, geometric, extramaze cues were affixed to a white curtain surrounding the pool at specific locations and were visible to the rats while in the maze. Maze performance was recorded by a video camera suspended above the maze and interfaced with a video tracking system (HVS Imaging, Hampton, U.K.). Albino rats used in the experiments were temporarily tattooed with a black mark to allow video tracking.
Animals were handled daily by the experimenters before behavior testing starting at PN d 21. Animals were given an acclimation session consisting of a 30 s swim in the pool in the absence of the platform and spatial cues on PN d 24. Place learning was assessed over five daily training sessions starting at PN d 25. Each daily training session consisted of four training trials. Each rat was placed into the pool from quasirandom start points and allowed a maximum of 90 s to find the escape platform, where it remained for 15 s. Rats that failed to locate the platform at the end of 90 s were manually guided to the platform. After completion of the trial, the rat was removed and placed in a separate holding cage until the start of the next trial. The position of the platform remained constant across trials. Trials were separated by 240 s. Upon completion of the daily training session, rats were returned to their home cage. Performance during the training trials was assessed by the mean escape latencies and swim distances. Probe trials, in which the platform was removed to assess spatial bias, were conducted on d 3 and at the completion of place training on d 6. All probes consisted of a 30-s trial with the platform removed and were conducted before any daily training session to remove any confounding effects of that day's training session. Time spent in the target platform location, relative and cumulative proximity to the previous platform location, and the number of target crossings over the previous location of the target platform were recorded and used as an indicator of spatial bias. After the probe trial, visual discrimination was assessed on three cued trials. Each rat was placed into the pool from quasi-random start points and allowed a maximum of 30 s to escape to a platform elevated 1 cm above the surface of the pool. Performance during the cued trials was assessed by the mean escape latencies and swim distances to locate the platform.
Open field. Locomotor activity was assessed in a black Plexiglas chamber (22 ϫ 22 ϫ 22 in.). Activity was recorded by a video camera suspended above the open field and interfaced with a video tracking system (Noldus, Sterling, VA, U.S.A.). Albino rats used in the experiments were temporarily tattooed with a colored mark to allow video tracking. On PN d 29 and 30, randomly selected animals from each group were acclimated to the open field for 10 min before the start of the activity monitoring session, which lasted for 10 min. The chamber was thoroughly cleaned with 75% ethanol between trials to eliminate any confounding odor effects.
Data analyses. All data analyses were conducted with SPSS statistical software (SPSS, Chicago, IL, U.S.A.). Preliminary ANOVA revealed no significant difference between males and females in either condition in the water maze, therefore male and female groups were pooled for all water maze behavioral analyses. Two-way repeated measures ANOVA (treatment and trial block) were used to analyze performance during place and cue training. Separate one-way ANOVA were used to analyze probe trial performance and locomotor activity. Statistically significant (p Ͻ 0.05) main effects and interactions were post-tested with Tukey's HSD (honestly significant differences) and Student Newman-Keuls tests, as appropriate.
RESULTS
Body weight. Body weights were measured on PN d 24, before behavioral testing. One-way ANOVA revealed that rat pups exposed to IH had significantly lower body weights than age-matched controls housed in RA, (F 3,660 ϭ 11.819, p Ͻ 0.0001). Posthoc Student-Newman-Keuls analyses revealed that, within each treatment, no significant effects of gender on body weight occurred (Fig. 1) .
Morris water maze. No significant differences occurred between male and female rats, and the data were therefore 450 pooled for subsequent analyses. Pups exposed to IH for 14 d (n ϭ 35) were significantly impaired in their spatial task acquisition as evidenced by both their escape latencies and swim path lengths (Fig. 2) . ANOVA revealed a significant effect of IH on both escape latency (F 1,68 ϭ 18.8, p Ͻ 0.001) and path length (F 1,68 ϭ 14.71, p Ͻ 0.001). There were significant block effects for both escape latencies (F 1,68 ϭ 221.18, p Ͻ 0.0001) and path lengths (F 1,68 ϭ 166.2, p Ͻ 0.0001), indicating that the performance of all groups improved across trials. No significant differences occurred between groups on the first block of d 1, thereby confirming that all animals were naive to the platform location. IH animals were much more active while on the escape platform, and displayed a tendency to jump off the platform during the initial training sessions. Indeed, IHexposed pups were more likely to "jump" from the platform before being removed (46%) compared with normoxic rats (28.7%). This jumping behavior was not observed in any of the groups on subsequent training sessions.
During probe trials, IH-exposed pups showed substantial impairments in spatial memory compared with controls (Fig.  3) . RA animals spent a greater percentage of time swimming in the target platform position (F 1,68 ϭ 10.32, p Ͻ 0.001 and F 1,68 ϭ 4.971, p Ͻ 0.029 for probe sessions 1 and 2, respectively). Analysis of the platform search patterns revealed that RA animals remained in closer proximity to the platform location (F 1,68 ϭ 12.848, p Ͻ 0.001 and F 1,68 ϭ 5.837, p Ͻ 0.018 for probe sessions 1 and 2, respectively). RA animals also crossed the previous platform position significantly more times (F 1,68 ϭ 12.585, p Ͻ 0.001, F 1,68 ϭ 5.064, p Ͻ 0.029 for probe sessions 1 and 2, respectively).
In contrast, the performance of animals exposed to RA or IH was similar on the cued-platform task (Fig. 4 , p ϭ NS), indicating that swimming motivation and ability were similar, and that the observed differences in spatial performance were not due to sensorimotor disturbances.
Open field. Mean locomotor activity in the open field, assessed as the distance covered during the trial times by male and female rat pups exposed to either RA or IH, is shown in Figure 5 . ANOVA revealed a significant effect of IH on mean activity in the open field (F 3,28 ϭ 3.52, p Ͻ 0.028). Posthoc analyses revealed no significant locomotor activity differences for control male and female rats. However, male IH-exposed rats had higher locomotor activity in the open field (p Ͻ 0.05).
DISCUSSION
Our study unequivocally shows that an IH exposure during a critical period of neuronal vulnerability leads to substantial deficits in spatial learning. Moreover, increased locomotor activity in an open field occurs in IH-exposed male rats, and is uniquely reminiscent of the male preponderance that is found among children with attention deficit hyperactivity disorder (ADHD).
Before we discuss our findings, some methodological issues deserve comment. The IH protocol used in this study was developed to elicit arterial PO 2 changes that would mimic the duration and magnitude of oxyhemoglobin desaturations occurring during obstructive apneic events. These preliminary studies showed that the nadir saturation achieved during the hypoxic component of the exposure was approximately 82% in juvenile rats (data not shown). Because sleep patterns in juvenile rats include both diurnal and nocturnal sleep epochs (17) , IH exposures were applied throughout the 24-h period, rather than just during light hours. Thus, the findings reported herein may represent an overestimate of the neurobehavioral deficits that would occur if IH had been restricted to sleep periods only. 
DEVELOPMENTAL CONSEQUENCES OF INTERMITTENT HYPOXIA
We are unaware of any substantive research addressing the effect of IH on neural development. Recent work from our laboratory has clearly established that intermittent hypoxic events during the sleep cycle of adult rats are associated with significant spatial learning deficits, and that such deficits occur in the absence of significant sleep alterations (13) . Moreover, the neurobehavioral consequences of IH are preceded by marked increases in apoptosis in the cortex and CA1 region of the hippocampus, peaking at 48 h of IH exposure (13) . Furthermore, developing rats at postnatal ages 10 -25 d exhibit significantly more extensive apoptosis in these neural regions when exposed to 48 h of IH (14) , indicating a developmentally regulated period of enhanced susceptibility to the episodic hypoxia that characteristically accompanies OSA. These findings are compatible with the concept of a slowly evolving or weak neural excitotoxicity that may occur as a consequence of impaired cellular energy metabolism, free radical production, and/or modifications in glutamate ion/receptor complexes (18 -20) , and may lead to neuronal apoptosis (21) . Our findings now extend from such anatomical studies, and clearly demonstrate that IH induced substantial spatial learning deficits in developing rats, and that these effects are gender independent. It remains unclear whether these effects are completely reversible after cessation of IH exposures or whether long-term deficits occur. This issue is of importance in light of two recent lines of evidence, namely that treatment of OSA in a large group of children academically failing during first grade leads to improved grades after treatment of sleep disorders (3), but also that 13-14-y-old children who snored between the ages of 2 and 6 y were approximately three times more likely to be among those with lesser academic performances (4).
The increased locomotor activity found among male IHexposed rats is intriguing and establishes a potential causative link between the episodic hypoxia of pediatric OSA and symptoms of hyperactivity. Our findings are strikingly similar to those preliminarily reported by Decker et al. (22) , who exposed rat pups to hypoxia between 7 and 10 d of age for 6 h and found increased locomotor activity in hypoxia-exposed rats. These findings are analogous to several studies that have documented that children with sleep disorders tend to have behavioral problems similar to those observed in children with ADHD. For example, a survey study of 782 children documented daytime sleepiness, hyperactivity, and aggressive behavior in children who snored, with 27% and 38% of children at high risk for a sleep or breathing disorder displaying clinically significant levels of inattention and hyperactive behavior, respectively (23) . Similar studies reporting on smaller patient cohorts with proven OSA have also documented parental 
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reports of behavioral disturbances, and their improvement after treatment of OSA (6, 24, 25) . Conversely, children with ADHD are more likely to have sleep-disordered breathing, manifesting either as snoring (26) or as frank OSA (27) .
The present study was not designed to elucidate the mechanisms underlying the neurocognitive deficits and behavioral phenotype resulting from IH exposures. However, it undoubtedly will provide a robust and useful animal model that should be of great value in gaining further insights into the role of episodic hypoxia in OSA-induced learning and behavioral morbidity, and their treatment. 
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